ABSTRACT Energy management of residential buildings plays an important role in a smart grid. Region specific fuzzy logic strategies are proposed recently. However, no such approach exists that covers all regions of the world. A fuzzy logic-based strategy for the construction of fuzzy controller covering the entire globe would be cost effective due to the increasing power of micro-controllers. Results show that our proposed approach achieves a minimum energy savings of 6.5%, irrespective of where it is used around the world. This research will provide a model for extending the region specific solutions for a worldwide adaption.
I. INTRODUCTION
Demand response (DR) based programs always play a vital role in smart grid's (SG) energy management field. Currently, heating ventilation and air conditioning (HVAC) systems entail 64% and 57% of total residential energy consumption in Canada and the U.S. respectively [1] and [2] . One of the most significant factors for peak load management are residential HVAC systems during peak demand periods. For instance, these devices are mostly comprised of 50% of the additional critical peak electricity consumption during hot summer days in California [3] . SG incentives are targeted to improve power blackouts in order to lower network voltages and to enable consumers' engagement in the operation of the power system, especially via smart meters (SMs) [4], smart energy management systems (EMSs) and smart homes [5] . In addition, decentralized EMS based on distributed intelligence are proposed for enhancing microgrid performance [6] .
Energy management is categorized as: direct load control and indirect load control methods [7] - [9] . Direct load control describes the use of technological measurements which also explains total energy demands by shuffling various equipment ON or OFF during high demands (like load shifting), whereas, indirect load control is a method where consumers manage the electricity load reduction using a price signal. Multiple electricity tariffs or pricing mechanisms: fixed price, dynamic price, time of use (TOU), etc. are utilized to encourage consumers while participating in load reduction during high price rate hours. Utilities speculate the electricity cost for various intervals of the day according to the pricing tariffs, such as, the TOU rates: off peak (OP), mid peak (MP) and high peak (HP). Merging the indirect load with the direct load control for load shedding or shifting in HVAC systems is very succinct. The control of these systems is also shown in the Fig. 1 with the help of some commonly used parameters from the recent literature [6] and [7] .
The incentive based power management approach [10] , is proposed for minimizing the electricity bill and peak formation by defining the energy consumption patterns of individual appliances. Linear programming and decentralized game theoretic schemes are used for centralized optimization in their work. Furthermore, authors also elaborate the measurements about peak to average ratio (PAR) that how high electricity deteriorates the systems performance in terms of efficiency and reliability. Similarly, on the generation side, systems performance can be improved by reduction in peak demand [11] . Moreover, the assumption relevant to the overall constant energy consumption leads to minimization of the PAR as well as minimization of the peak energy demand. This reduction also increases the reliability of the system via increasing the auxiliary capacity in case of supply limitations, VOLUME 6, 2018 This work is licensed under a Creative Commons Attribution 3.0 License. For more information, see http://creativecommons.org/licenses/by/3.0/ FIGURE 1. HVAC control system using the P rate , Temp outdoor , indoor temperature and HO parameters.
which also contributes well in the significant factors of electricity shortages [12] . In some scenarios, users do not automate their smart thermostats, by mistake, particularly when Temp outdoor is suddenly rising or dropping. In addition, day-ahead pricing and environmental conditions strongly depend on the consumers' participation because even advanced thermostats such as NEST [13] , may often compromise on saving energy and users' thermal comfort without any consumer response [14] . On the other hand, occupancy and user negligence (i.e., while considering the users' behaviors) are important parameters which may impact the fundamental functionality of thermostats resulting in reduced power consumption and cost savings. Researchers model the occupants' activities and evaluate the most influential parameters in occupant's behavior for energy saving in [15] and [16] . The influence of user behaviors on thermostats has effects in many cases where residential customers forget or neglect to participate in DR during peak prices [17] .
In this paper, a world-wide adaptive thermostat model is presented which manages the energy in the hottest and coldest countries of the world. This model is initialized using: initialized setpoints (I _SPs); outdoor temperature (Temp outdoor ); home occupancy (HO) and utility price (P rate ) for residential buildings. The proposed system has been developed for the effective management of energy consumption in residential buildings and it has been evaluated with fuzzy logic techniques and wireless sensor capabilities. While comparing to other types of controllers, the progressive achievements of fuzzy logic controllers (FLCs) reside in the fact that they need very little mathematical modeling for their implementation. Systems control variables: input and output of FLCs are real variables which are based on the collection of IF-THEN rules for achieving the desired outcomes. Mamdani and Sugeno fuzzy inference systems (FISs) are used for inferring the defined fuzzy rules (F rules ). All rules are defined on the basis of a human intuition method which is efficient and cost effective. The proposed system takes into account different parameters and information which correspond to power management along with users' comfort levels in residential sectors; i.e., residential buildings. Furthermore, fundamental targets of this study are to preserve energy and cost without sacrificing more consumers' thermal comfort. In this way, fuzzy logic gives a very feasible and implementable solution for achieving these objectives.
The remainder of this paper is organized as follows. In Section II, the literature review is discussed along with the existing limitations and list of contributions. Section III explains the problem statement and Section IV describes the problem formulation. The proposed solution is presented in Section V and implementation with results and analyses are discussed in Section VI. Finally, the paper is concluded in Section VII.
II. LITERATURE REVIEW
Yan et al. [18] develop a HVAC system by specifying two DR methodologies namely: 1) demand side bedding; and 2) frequency controlled reserve. These strategies provide help to bring up the role of both DR programs and SMs in saving energy and enhancing the grid efficiency. Beside these schemes, day-ahead electricity prices, TOU rates, real time pricing (RTP), and combination of all these pricing tariffs provide opportunities for residential users to reduce the consumption and the electricity bill by shifting the operations of their home appliances from HP rates to OP rates [19] and [20] . Another energy management technique investigates the performance of residential HVAC systems by load shedding in response to different parameters: 1) time varying prices [17] ; 2) variations of ambient temperature [21] ; and 3) in home user activity (occupancy) [22] .
Recently, consumers use: 1) programmable communicating thermostats (PCTs); 2) price-responsive thermostats [13] ; and 3) occupancy-responsive thermostats [14] to control residential HVAC systems by initializing their schedules and setpoints for different temperature ranges. Bidirectional communication capabilities (i.e., using ZigBee protocols (IEEE 802.15.4)) of these thermostats optimize them to communicate with utilities for participating in the DR programs [23] . These thermostats receive price signals from SG while automatically decreasing or increasing the I SPs to a level predefined by the user. Occupancy responsive thermostats track occupancy level and then immediately modify setpoints when a building or room is not occupied. In addition, there are some disadvantages to the aforementioned thermostats. Users often lose their thermal comfort particularly in cold winter days or hot summer days when they participate in DR programs during high electricity prices [24] and [25] .
All of the aforementioned challenges are restricted to indoor temperature and also having communication gaps with advanced technologies, like SMs, which are the limitations of previous PTs. PTs are extended into PCTs [25] , with the incorporation of communication and wireless sensor nodes. In addition, a PCT comprises of the controller and sensors, which further utilizes: 1) LCD user interface; and 2) wireless interface; in order to provide communication and network capability for sensors. A set of programs and incentives: RTP, TOU rates and DR may apply by utility companies and SGs for encouraging consumers to reduce their energy usage during peak demand periods, where studies of [8] , [17] , [26] are helpful. Utilities supply energy with various P rates for the specified intervals: OP, MP and HP based on the defined electricity tariffs. Whereas, some cities of the Ontario, Canada, users are informed about the pricing tariffs for various intervals during the 24 hours in a day [27] . An efficient energy management technique is presented for optimizing the daily (24-hour) load profiles of the number of chillers known as daily optimal chiller loading (DOCL) [28] . Optimizing the daily power consumption patterns of the chillers, their aggregated consumption is evaluated. Authors use the enhanced differential bat algorithm (DBA) for the optimization of 24 hours energy consumption. Henceforth, the households engage themselves in DR events and TOU rates via predefining or managing their dwellings' devices. The prime motivation of utilizing SG incentives for system reliability in order to tackle critical conditions and avoiding power losses are increasing rapidly [29] - [31] . The specialty of advanced PCTs is their communication with SMs for capturing the energy pricing signals in order to respond to the variations in pricing signals [27] , and also help users to contribute in DR events and TOU pricing signals.
PCTs are also helpful in managing dwellings' appliances for saving electricity bills on peak prices [27] and contribute in DR events utilizing TOU rates defined for consumers. In addition, consumers define some threshold for their bills VOLUME 6, 2018 by manually entering specific offset values, which correspond to different TOU rates [27] . They apply the offset values for the I _SPs for decreasing them during a heating process or increasing them during a cooling process which result in minimizing the energy consumption. The I SPs values depend on the user's priorities according to their standards of comforts. Furthermore, consumers' dissatisfaction represent that they have to maintain constant interaction with the traditional PCTs especially during cold winter times or hot summer times for participating in the DR events [25] and [31] . This constant interaction disturbs consumers by leading them to interact with PCTs like a single PT. Some important features of the thermostats are also mentioned in Fig. 2 .
A. LIMITATIONS IN THE EXISTING LITERATURE
Keshtkar et al. [32] discuss EMS in buildings using the FLC. They consider four input parameters: P rate , HO, Temp outdoor and I _SPs. However, this system lacks adaptation in the thermostat. The system considered in [33] is an extension of [32] . Authors tried to make it adaptive using the same fuzzy logic approach. This approach introduces the training of I _SPs of the thermostat by considering three consecutive changes of the same setpoint in the same day of the week; it automates this setpoint to the optimized setpoint. However, these techniques pose the following limitations.
• All of these approaches control the energy consumption patterns for cold cities or hot cities separately. None of these approaches provide the setpoint control for both hot and cold cities simultaneously.
• These studies are country oriented research, specifically working with systems in Canada, UK , and others as mentioned in [32] and [33] . These two limitations led us to extend this study for further enhancement in the thermostat setpoints' optimization. Table 2 describes the comparative analysis of some existing techniques.
B. CONTRIBUTIONS
We have following contributions in the proposed model:
• Develop a world-wide adaptive thermostat model to manage the energy consumption and cost of residential buildings using I _SPs.
• All prior models are based on management of the heating system control or cooling system control; however, the proposed system manages both heating and cooling systems' temperature control simultaneously using a fuzzy logic approach.
• The proposed system uses different I _SPs in each case: 1) for heating; and 2) for cooling; to avoid the peak formation during the PHs.
• Two FISs are used for inferring the rules: 1) Mamdani; and 2) Sugeno for the evaluation of the aforementioned system's parameters because both of the FISs use simple antecedent and consequent information for rules' computation.
III. PROBLEM STATEMENT
In residential sectors, HVAC systems utilize a large amount of the aggregated energy consumption throughout the world. These systems entail approximately a 64% and about 57% from the aggregated power utilization in Canada and U.S. [33] . They are all comprised on usage of the essential loads which can create peaks or they can contribute to power outages or blackouts due to huge consumption in any particular area (city). Moreover, variations from flatrates to dynamic pricing tariffs largely impact the increase of the electricity bills which play a significant role in HVAC systems. Providing an automatic control of HVAC systems, PTs are used for preserving power inconsideration to users' thermal preferences. Users maintain setpoints for using PTs as an EMS in their dwellings and optimize the temperature during various time periods of a day for depicting their daily consumption patterns and comfort standards. The PTs employ sensors for temperature measurement with an adjusted setpoint using a control logic [32] . Using the described thermostat model, they maintain the indoor temperature for heating or cooling by increasing or decreasing the I _SP values. Although, various studies show that there are no significant reductions in electricity cost using the PTs as compared to the non-PTs. Because non-PTs are manually controlled devices and often users forget to operate them and this feature lead to the maximum energy consumption. In addition, there is one more obstacle of using PTs that users mostly do not remember to reprogram PTs in order to respond to the varying electricity prices which lead to users' discomfort. In some studies, thermostats are designed for automating their setpoints, like in [32] and [33] , by considering the outdoor climate conditions. All of these studies are relevant to a specific country and can control heating or cooling setpoints separately. However, there is no such technique which can be applied to a world-wide adaptive scale for controlling HVAC systems simultaneously. There is a need to design a model that can control HVAC systems to fulfill the requirements of residential users.
IV. PROBLEM FORMULATION
This section will discuss the details of the formulation of energy consumption, cost, PAR and user comfort (UC) for residential consumers. The proposed model is evaluated with the help of fuzzy logic and trapezoidal membership functions which are also used for the assignments of fuzzy intervals of all model's parameters (including HO, Temp outdoor , I _SPs and P rate ). Energy consumption is evaluated with the help of F rules , some of the sample F rules are specified in Table 3 .
A. MAMDANI AND SUGENO FIS
Mamdani fuzzy system uses inputs in a crisp format, fuzzifies it, maps it using a FIS, generates its fuzzy output and defuzzifies it to get a crisp output [34] . Mamdani method has several t-norms for utilizing the connectives of the antecedents and several defuzzification methods, however, we have used the centroid method. It uses linguistic variables for the rules (as described next) and its antecedents and consequents are both linguistic variables. All input membership functions are generated using the linguistic variables: ∀ Temp outdoor ∈ {L, M , H }, ∀ HO ∈ {A, P}, ∀ I _SP ∈ {L, M , H } and ∀ P rate ∈ {OP, MP, HP} F rules are described in the following formate. For example; IF Temp outdoor is "Normal" AND P rate is "Mid Peak" AND HO is "Present" AND I _SP is "Medium", THEN energyconsumption is "Medium".
Sugeno fuzzy system uses the systematic approach to define the F rules for the given inputs and outputs of the system. It takes the antecedents as a linguistic variables, however, it's consequent parts are functions, which are either 
, I _SP).
The defuzzification methods are centroid and weighted average, which are described earlier. Centroid is computed using the formula [35] ;
is the membership function of fuzzy set C. Weighted average defuzzification method for the Sugeno is calculated as;
In short, Mamdani is intuitive method and has wider applications. It is more appropriate to human input whereas Sugeno performs efficiently with the optimization and adaptive techniques [35] . Sugeno is considered feasible for mathematical analysis. Due to its optimal nature, Sugeno FIS is expected to outperform Mamdani FIS in energy consumption as well.
Cost is computed using this formula [36];
Cost_E cons (hour) = E cons (hour) * TOU rates (hour) (3)
Here, Cost_E cons (hour) is the hourly cost whereas E cons is the electricity consumed at any specific hour and TOU rates (hour) are the hourly pricing tariffs defined by the utilities. PAR is calculated as;
UC is computed with the help of following equation;
such that:
In case of hot cities; 0 < Temp outdoor <50 • C and I _SP ←− ranges from 20-25 • C; however, in cold cities case; I _SP ←− −40 < Temp outdoor <0 • C and I _SP ←− 18-21 • C taken from [37] and [38] . The energy efficiency gain (E gain ) is computed with the help of the equation;
Where, E apre is the efficiency of the previous approach and E apro is the efficiency of the proposed approach.
V. SYSTEM MODEL
In this study, a world-wide adaptive thermostat model is developed to enhance the functionality of existing thermostats for residential buildings. Existing thermostats [32] and [37] are based on controlling the heating system and they are also designed to be used in specific country (i.e., Canada (Fuzzy logic based adaptive thermostat [33] ) and UK (NEST [13] thermostat)). In this paper, a new strategy is developed to control HVAC systems throughout the world. It's control parameters are: Temp outdoor , HO and P rate schemes (i.e., TOU, RTP, flate rate (FLR) and critical peak pricing (CPP)). The TOU pricing scheme is used in this scenario. This system is an extension of [39] and it's system model is depicted in Fig. 3 . In Fig. 3 , two separate units are used for the heating and cooling control of HVAC systems. The first unit deals with the cold temperature control optimization and the second unit deals with the hot temperature control optimization. These two units are combined to form one new system called world-wide adaptive thermostat model which controls both heating and cooling setpoints simultaneously. Because earlier systems like [32] have been designed for one country only. Sensor nodes are deployed to get the surrounding information (i.e., Temp outdoor ) and user HO information for optimizing the indoor temperature (I _SPs), whereas, the electricity price is communicated via SMs and real time systems to the buildings.
The reason behind designing two separate units is to control the hot and cold cities temperature. Because both cities (hot and cold) indicate the different temperature ranges like 25-50 • C for hot cities [37] and -40-19 • C for cold cities [40] . So, thermostat for cold cities does not provide the optimal control for the hot cities due to the variation in temperatures range. On the other side, thermostat for cold cities cannot cover the defined temperature range for the hot cities in worst cases. Due to these reasons, a new world-wide adaptive thermostat is proposed which controls these both simultaneously.
The proposed work covers the heat and cool setpoint optimization units using the fuzzy logic. It has two control units which are designed for controlling the heat setpoints and cooling setpoints. It is also designed for controlling the worldwide energy consumption instead of the existing country oriented systems (which were designed for controlling the heat setpoints only). Proposed system considers the Temp outdoor , HO, P rate and I _SPs as the input values, whereas, it considers the energy consumption, cost and peak to average ratio as the output parameters. Here, two countries are taken to model the heating and cooling power consumption around the globe. The thermostat is used to optimize the setpoints for monitoring the total power consumption in any building.
The countries considered for analyzing the power consumption are Libya and Russia. Libya is hottest country and Russia is the coldest country chosen in the world. Then, we have chosen the hottest and coldest city of the Libya and Russia for formalizing the solution to our modeled problem. Tripoli is chosen as the hottest city and its temperature data is taken from weather forecasting website [37] . Yakutsk is considered as the coldest city from Russia and it's temperature information is also taken from the weather forecasting site [40] . The I _SPs are used for controlling the indoor temperature of the residential buildings.
This scenario is evaluated with the help of fuzzy logic. Fuzzy logic comprises of the following processes/ components: a) fuzzification; b) rule base; c) FIS and d) defuzzification. In fuzzification, inputs of the system are mapped to fuzzy values using membership functions. Rule base is used for maintaining the proposed system's rules for evaluating the energy consumption. FISs are used to infer the F rules , which are defined in the rule base and defuzzification maps the fuzzy values to concrete values for the final output [32] .
The inputs and outputs of the system are I _SPs, Temp outdoor , user HO and P rate . The output of this system is energy consumption. The membership functions considered for the inputs such as Temp outdoor are: 1) Very Cold (VC); 2) Cold (C); and 3) Normal (N) for the cold cities whereas for hot cities; the membership functions are: 1) N; 2) Hot (H); and 3) Very Hot (VH). The HO has two membership functions: 1) Absent (A); and 2) Present (P). P rate has three membership functions: 1) L; 2) M; and 3) H . The output membership functions of the energy consumption are: 1) Very Low (VL); 2) L; 3) M; 4) H; and 5) Very High (VH). These input and output membership functions are also described in Fig. 4 (a-g) along with their specified ranges. The Temp outdoor data is taken from [37] and [40] and price information from [32] .
Trapezoidal membership functions are used to maintain the state of the information (i.e., TOU price signal values), although, triangular membership functions are efficient, however, they lack the ability to collect information about the data set points. In our work, the maintenance of state information is a necessary component that is the reason, trapezoidal membership function is preferred over triangular function. The input and output membership functions are chosen as trapezoidal because their shapes have a flat top and they maintain the status information for the chosen members instead of the triangular membership functions; since the considered membership functions: P rate , Temp outdoor , HO and I _SP maintain the same data values for multiple hours (for using the TOU price signal) and then vary after those specific hours. So, these flat top level membership functions have the advantage of simplicity [38] and [35] . Triangular membership functions are only used to obtain the setpoint information and they do not maintain any state information. 
Algorithm 1 Minimize Energy Consumption (Min_E cons (A))

Defuzzification
26
Using the aggregated F rules 27 Calculate E cons using F rules 28 Calculate E cost and PAR
end
The system is evaluated with the help of F rules for determining the system output. There are 3 variables with 3 values and a fourth variable with 2 values, so, we have a total of fifty four rules (3 3 * 2 = 54) defined in the rule base for evaluating the energy consumption with the help of two FISs named as Mamdani and Sugeno. The list of rules defined for this model including both hot and cold cities are defined using the IF-THEN format described in Section IV. The defuzzification method used in Mamdani FIS is centroid and in Sugeno, it is used as weighted average [35] . The list of sample rules are presented in Table 3 .
The temperature information for both cities are used in terms of two scenarios: Normal case and critical case (CS) scenarios. In a normal case, the hourly temperature variations are considered in comfortable temperature range (i.e., below 35 • C in summers and above 0 • C in winter). In CS: when the temperature exceeds the comfort zone (i.e., above 35 • C in summers and below 0 • C in winters). The work flow of both scenarios is described in Algorithm 1 and Algorithm 2. The major steps of the FLC are described as follows: 1) The first step deals with the initialization of the system parameters: Temp outdoor , I _SP, P rate and HO. 2) At the second step, the system deals with the fuzzification of parameters (building the membership functions).
3) The third step is based on defining the rules in a rule base, as the sensor nodes are already deployed in the system so evaluation of the energy consumption is based on the F rules . 4) The fourth step contains the FIS system (Mamdani and Sugeno), which are used for the rule evaluation. 5) In the fifth step, defuzzification is performed and the final value is returned to the E cons . The E cost is calculated after the energy consumption using Eq. 3. 6) When the consumers' DR option is active, their active participation is monitored and repeated until changes are in process.
VI. IMPLEMENTATION AND RESULTS
In this Section, we discuss the energy management in residential buildings using our designed FLC. This controller automates the thermostat setpoints for the hot and cold cities throughout the world using four inputs: 1) HO; 2) P rate ; 3) I _SPs and 4) Temp outdoor as mentioned in Section V. Temp outdoor has been sensed by the sensor nodes deployed by the users. Sugeno and Mamdani FIS are used. In addition, the membership functions are specified as trapezoidal; also mentioned in Section V (the System Model). We have simulated the effect of these parameters for two scenarios: a) energy efficiency in cold countries and b) energy efficiency in hot countries. Furthermore, both scenarios are evaluated for the following performance metrics: energy consumption, cost, PAR and comfort. P rate are listed in Table 4 .
A. ENERGY CONSUMPTION IN HOT CITIES
Fig . 5 shows the energy consumption of our designed controller using the Mamdani and Sugeno FIS and two previous controllers. The behavior of energy consumption is maintained at a desired comfort level using the I _SPs. The Temp outdoor is minimum during the initial 6 hours of the day VOLUME 6, 2018 and the setpoint maintained by the controller is feasible. The setpoint is maintained at an increasing level during the OPHs because there are no huge electricity bills. The Temp outdoor for the hot cities is catalogued on hourly basis [37] . After that, the setpoint is reduced because of the PHs where the comfort level is little compromised. In residential buildings, users mostly leave at 9am, so the electricity demand changes after every hour and the setpoint is also modified by the controller accordingly. At the 11th hour, the MPs arrive and users are expected outside the building. The setpoint is again increased to stabilize the PAR till the 16th hour. From the 17th to the 19th hour, the setpoint is again decreased due to the PHs and then after the 20th hour, it is set to the optimum range. Although the energy consumption has been reduced, the UC has also been compromised. The maximum energy consumption in hot cities is 8.5 kWh, 8.04 kWh, 6.5 kWh and 6.4 kWh using the Fixed Setpoint, Programmable, Mamdani and Sugeno approach, respectively. Sugeno is consuming less energy than all the previous approaches.
We have also run this simulation for evaluating the power consumption of one month and results are shown in Fig. 6 . The energy consumption of this approach using these two FISs is relatively less than the previous two approaches which shows the efficiency of this scheme to earlier schemes. The energy consumption by the Mamdani FIS is 3600 kWh, Sugeno is 3400 kWh, Fixed setpoint approach is 3900 kWh and Programmable shows 3800 kWh. Sugeno FIS outperforms all schemes in this case too, which is more energy efficient. Mamdani and Sugeno FISs are more energy efficient than the previous schemes because they formulate the rules on the basis of human inductive method and they also use efficient defuzzification functions, i.e., centroid and weighted average. Due to these reasons, they are computationally efficient. Especially, Sugeno uses more effective defuzzification function (i.e., weighted average), that is why, it outperforms the Mamdani FIS. 
B. COST OBTAINED IN HOT CITIES
The cost is computed by Eq. 3, which is also used in the previous Section (cost for hot cities) as shown in Fig. 7 . The fixed setpoint approach costs 13.39 dollars (i.e., equivalent 18.21 Libyan dinars), Programmable approach costs 13.06 dollars (17.76 dinars), Mamdani FIS costs 10.70 dollars (14.56 dinars) and Sugeno FIS costs 9.77 dollars (13.29 dinars). In addition, Sugeno costs less to the Programmable approach and more cost effective than the previous approaches.
Although, the proposed approach is improvised with the reduction of energy consumption, cost and PAR to the previous schemes; however, it sacrifices a little bit UC at PHs inconsideration to the difference in outdoor and indoor temperatures. As the comfortable room temperature is varying between 18-21 • C during the winter and 23-25 • C during the summer seasons. The peak formation is a major problem throughout the literature, however, it is resolved in this technique at the cost of comfort compromise as shown in Fig. 8 . During peak demand periods, load is curtailed and consumers demand less from the utilities. Consumers' demand does not contribute in overburdening the utilities and PAR remains stable. Comfort is increased when we have an ideal building indoor and outdoor temperatures. Although, this model is a world-wide adaptive; however, it has a limitation relevant to comfort compromise. 
C. ENERGY CONSUMPTION IN COLD CITIES
To be more comprehensive, we have taken the coldest city İYakutsk, Russiaİ of the world and calculated its energy consumption based on outdoor temperature variations during a 24 hour period. The reason behind the selection of Yakutsk, is to evaluate our proposed work in worst scenario. Because, minimum energy consumption in this country will depict that less cold countries can easily utilize this proposal to efficiently manage the available electricity. Fig. 9 shows the energy consumption of the proposed designed FLC with both FISs and its comparison with the two previous controllers. Its energy consumption is computed by analyzing the F rules . In our scheme, the energy consumption is increased by setting the I _SPs high in the initial 6 hours of the day because Temp outdoor is very low as shown in Fig. 9 and it is taken from [38] for the 24 hour period. The Sugeno FIS performs better in this case as compared to Mamdani due to its efficient consequent part which is kept constant in our case. Temp outdoor for cold cities lies in the range of −40 to 19. However, we are considering the temperature data of one day in this study, which lies in the specified range. The setpoint is reduced in the PHs by keeping the energy consumption below the peak formation. The demand of the load changes during every hour in a residential building and then it is modified by the controller automatically using the sensors' information. At the 11th hour, when the MP hours arrive, the setpoint is again increased to maintain the UC level till the 16th hour. During the 17th to the 19th hour, the setpoint is again decreased due to the PHs and then after the 20th hour, it is increased to achieve the desired comfort due to OPHs. During PHs, the UC is a little bit compromised even though the PAR is minimized by reducing the energy consumption. The maximum hourly consumption by Fixed setpoint, Programmable, Mamdani and Sugeno approach is 9.05 kWh, 9.0 kWh, 7.5 kWh and 6.5 kWh, respectively. The proposed FLC improves the energy consumption compared to the previous two controllers by effectively managing the setpoints. Since our FLC is utilizing the trapezoidal membership functions, that is why, the trend of its lines follow its original trapezoidal shapes. We have simulated one month of power consumption and the results are shown in Fig. 10 . The energy consumption of the FLC using Mamdani FIS is upto 4000 kWh, Sugeno consumes 3200 kWh, the Fixed setpoint thermostat shows 5500 kWh and the Programmable shows 5000 kWh. Sugeno and Mamdani consume less than the other two controllers and also beat the previous schemes.
D. COST
The cost is computed using Eq. 3 and the proposed system performs the best among all approaches. Using the Fixed setpoint approach, the cost is nearly 18.5 dollars (i.e., equivalent to 1071.9 Russian roubles), the Programmable approach costs 16.39 dollars (949.6 roubles), the Mamdani FIS costs 12.75 dollars (738.8 roubles), whereas Sugeno FIS costs 10.02 dollars (580.7 roubles) per day as shown in Fig. 11 . Mamdani and Sugeno cost less because they use efficient computation methods. Sugeno uses even more effective methods (i.e., weighted average) that is why it outperforms the Mamdani method.
E. PAR
Although, the parameters included in this approach are not directly interlinked with the PAR, however, the PAR obtained is sufficiently good in this scheme which is shown in Fig. 12 . The DR option is enabled in this approach and the peak formation is avoided by the load curtailment at PHs. The Mamdani FIS obtained 1.08, whereas the Sugeno obtained 1.02. PAR is minimized at the cost of load curtailment and users do not participate in the high demands from the utility. VOLUME 6, 2018 FIGURE 11. Cost of the total energy used in a complete day for cold cities. 
F. ENERGY EFFICIENCY
By considering all the above parameters including the energy consumption, we can conclude that our proposed scheme is more energy efficient than the previous schemes. It is shown in Fig. 13 that the Mamdani and Sugeno FISs are 18.29% and 34.51% more energy efficient than the previous controllers in cold cities whereas in hot cities both are 6.48% and 15.99% performing efficiently. In cold cities, devices consume more energy as compared to hot cities that is why those are more energy efficient [43] .
G. TRADE-OFF OF THE PROPOSED SCHEME
The trade-off is a compromise in this scheme, the UC is compromised at the cost of curtailment in energy consumption and cost savings. The UC is compromised during PHs. Moreover, the load is curtailed during PHs which minimizes cost, however, it also compromises the UC. When the temperature increases or decreases in the CS, it effects the comfort level a little bit. In normal scenarios, the comfort level is maintained upto the customers' requirements.
H. ANALYSIS OF THE RESULTS AND DISCUSSION
Mamdani and Sugeno, both FISs give reasonable results, however, Mamdani FIS does not evaluate all the rules to its full capacity whereas Sugeno evaluates them to full capacity [35] . This is because it uses efficient defuzzification methods (i.e., weighted average). In addition, Sugeno is also more accurate in terms of energy efficiency which is verified by the simulation results as shown in Fig. 13 . The major distinctive points deduced after the comparison of both FIS in the fuzzy logic for both the hottest and coldest cities of the world are:
• Sugeno FIS computes the output to its full capacity because it uses the consequent part either linear or constant and the defuzzification method used in this case is weighted average which is computationally efficient.
• Mamdani is not much efficient when compared to the Sugeno FIS because its consequent part is also a fuzzy interval and its defuzzification method is centroid, which is not efficient in computation.
• Trapezoidal membership function is efficient and effective in this case because it maintains state, if its state is not varying for certain time intervals. For example, the temperature and cost considered here are not varying for multiple hours that is why, this is used here and found efficient in determining the proper output.
• For maintaining the effective load schedule, cold cities require twice more energy to the hot cities because appliances used for the heating requires more energy as compared to appliances used for cooling.
• Due to the increase and decrease in Temp outdoor , the comfort varies in each case; however, the comfort is compromised in the proposed scheme due to load curtailment in PHs. User comfort compromised by the Mamdani and Sugeno FISs is 18% and 35% in cold cities. Whereas, in hot cities, user comfort is compromised by both FISs: 6% and 16%.
• PAR is minimized at the consumer level after the peak load curtailment. Consumers do not participate in the high demand from utility during the peak hours.
VII. CONCLUSION
In this paper, a world-wide adaptive thermostat model using fuzzy logic is presented. The designed thermostat has effectively reduced the energy consumption of HVAC systems while considering the consumers preferences in residential buildings. Mamdani and Sugeno FISs are used for the analysis of power consumption, cost and PAR. Simulation results showed that the energy consumption, cost and PAR were significantly reduced, especially using the Sugeno FIS method. Mamdani and Sugeno FISs are 18% and 35% more energy efficient than the previous controllers in cold cities. In hot cities, both FISs performed 6% and 16% more efficient. However, due to effective reduction in cost, energy consumption and avoiding the peak formation, the proposed system suffered from comfort level maintenance during peak hours when outdoor environmental temperature is very high or very low. In the future, this system can be extended to improve the comfort level during the high price rate hours by utilizing pricing schemes for checking the effect of dynamic pricing tariffs. Later, the humidity and real feedback will be included for the improvement in users' preferences. 
